Age-related decrements in cognitive ability have been proposed to stem from deteriorating function of the hippocampus. Many birds are long lived, especially for their relatively small body mass and elevated metabolism, making them a unique model of resilience to aging. Nevertheless, little is known about avian age-related changes in cognition and hippocampal physiology. We studied spatial cognition and hippocampal expression of the age-related gene, Apolipoprotein D (ApoD), and the immediate early gene Egr-1 in zebra finches at various developmental time points. In a first experiment, middle-aged adult males outperformed middle-aged females in learning correct food locations in a four-arm maze, but all birds remembered the task equally well after a 5-or 10-day delay. In a second experiment comparing young and old birds, aged birds showed minimal evidence for deterioration in spatial cognition or motivation relative to young birds, except that aged females showed less rapid gains in accuracy during spatial learning than young females. These findings indicate that sex differences in hippocampusdependent spatial learning and decline with age are phylogenetically conserved. With respect to hippocampal gene expression, adult females expressed Egr-1 at significantly greater levels than males after memory retrieval, perhaps reflecting a neurobiological compensation. Contrary to mammals, ApoD expression was elevated in young zebra finches compared with aged birds. This may explain the near absence of decrements in spatial memory due to age, possibly indicating an alternative mechanism of managing oxidative stress in aged birds.
Aging is a major risk factor for neurodegenerative disease, with cognitive decline especially damaging to quality of life in the elderly. Consequently, age-related memory impairment and memory loss as a result of neurodegenerative disease has emerged as an active area of research (Burns & Iliffe, 2009; Larson, Yaffe, & Langa, 2013) . On top of distinct age-related neuropathologies, normal aging is associated with structural, biochemical, and functional alterations of the central nervous system (Burke & Barnes, 2006; Lister & Barnes, 2009 ). In particular, the hippocampus, a brain region that plays a critical role in learning and memory, is vulnerable to decline. Morphologically, the aging hippocampus (HP) shows a reduction in volume (Driscoll et al., 2003) , loss of dendritic spines (Scheibel, 1979) , and a decrease in adult neural stem cells and neurogenesis (van Praag, Shubert, Zhao, & Gage, 2005) . Furthermore, aged humans and animals display impaired performance in HP-dependent memory tasks, such as those involving spatial navigation (Gazova et al., 2012; Winocur & Moscovitch, 1990) . Specifically, the mode of spatial learning that utilizes reference or "place" strategies is diminished in aged animals (Barnes, 1987; Barnes, Nadel, & Honig, 1980; Frick, Baxter, Markowska, Olton, & Price, 1995; Gallagher & Pelleymounter, 1988; Rodgers, Sindone, & Moffat, 2012) . Cognitive decline in aging is also linked to changes in HP gene expression including an upregulation in the gene for Apolipoprotein D (Blalock et al., 2003) as well as immediate early genes (Lanahan, Lyford, Stevenson, Worley, & . Moreover, electrophysiological studies show age-correlated shifts in HP place-cell dynamics and Ca 2ϩ homeostasis (Barnes, Suster, Shen, & McNaughton, 1997; Foster & Norris, 1997) . Altogether, HP-dependent functions such as memory formation, memory consolidation, context, and spatial memory (Morris, Garrud, Rawlins, & O'Keefe, 1982; O'Keefe & Dostrovsky, 1971) are at increased susceptibility to impairment with advanced age.
In spite of their relatively high metabolic rate, body temperature, and blood glucose-factors that contribute to decreased lifespan in mammals-birds appear to have physiological advantages that allow them to live up to three times longer than mammals of equivalent sizes (Austad, 1997; Holmes, Flückiger, & Austad, 2001 ). Because of their relatively long lifespan and successful adaptations to aging compared with laboratory rodents, avian species may be promising for modeling resilience to senescence.
Many songbird species (Order Passeriformes) possess exceptional spatial memory capabilities. Some memorize and recall thousands of sites where they have cached food (Gould-Beierle & Kamil, 1999; Salwiczek, Watanabe, & Clayton, 2010) . In an experimentally controlled setting, zebra finches (Taeniopygia guttata) exhibit the ability to effectively learn and recall food locations in a modified version of the Morris water maze and other spatial assays (Mayer, Watanabe, & Bischof, 2010; Sanford & Clayton, 2008) . Importantly, these tasks have been shown to require use of the avian HP (Bischof, Lieshoff, & Watanabe, 2006; Mayer et al., 2010; Patel, Clayton, & Krebs, 1997; Watanabe & Bischof, 2004) , a structure functionally homologous to the mammalian HP (Bingman, 1992; Colombo & Broadbent, 2000) . While age-related deficits in spatial memory have been demonstrated in the non-songbird homing pigeon (Coppola, Flaim, Carney, & Bingman, 2015) , there have been no previous studies of aging and spatial learning and memory in songbirds.
To explore the effects of age and sex on spatial memory function in a songbird, we adapted a previously used task that involves acquisition and recall of a food reward in a 4-arm maze (Rensel, Salwiczek, Roth, & Schlinger, 2013) . This particular task demands that animals use place-learning strategies involving allocentric cues to locate a reward. Additionally, we considered the possibility that age or sex differences in cognitive function would be correlated with changes in HP gene expression at the time of memory retrieval. We examined mRNA expression of two genes in the HP of all test birds. The first gene we examined was ApoD, the gene coding for apolipoprotein D, for which levels of expression have been shown to be an important and potent marker of aging and degeneration within the mammalian brain (Dassati, Waldner, & Schweigreiter, 2014; de Magalhães, Curado, & Church, 2009; Lee, Weindruch, & Prolla, 2000; Loerch et al., 2008) . Although the HP has been the focus of relatively few studies, age-coupled increases in ApoD protein expression have been detected in the HP of humans (Ordóñez et al., 2012) with females showing a greater increase in expression than males. As a measure of HP activity across groups, we also measured expression of Egr-1 (known as ZENK in songbirds), an immediate early gene (IEG) upregulated in the HP by spatial learning and memory tasks (Bischof et al., 2006; Brito, Britto, & Ferrari, 2006; Knapska & Kaczmarek, 2004; Shimizu, Bowers, Budzynski, Kahn, & Bingman, 2004) .
Method Subjects
Zebra finches from a colony at UCLA were used in these experiments. In Experiment 1, two groups of adult male (n ϭ 4 each) and female (n ϭ 4 each) zebra finches between the ages of 150 -350 days were used to assess memory after a 5-or 10-day retention interval (total n ϭ 16). In Experiment 2, birds of both sexes (n ϭ 5/sex) between the ages of 110 -135 days (start of reproductive age) were tested as a "young" group, while aged birds (n ϭ 6 males; n ϭ 5 females) between the ages of 1,440 -2,510 days were used as an "old" group. There was a trend among the aged birds for males to be older than females (t 9 ϭ 2.4, p ϭ .06), but young males and females did not differ in age. This trend is due to the limited availability of aged birds in the aviary. In the wild, zebra finches are thought to live up to 3 years (ϳ1,100 days), though birds in captivity typically live from 1,825 to 2,555 days of age (Austad, 1997) . Prior to being separated just before the start of training, birds were housed in a communal, cosex aviary (max of forty birds/aviary) under a 14:10 lights-on/lights-off cycle, provided with ad libitum food, water, grit, cuttlebone, and egg supplement. All experimental protocols were in compliance with and approved by the UCLA Chancellor's Animal Research Committee.
Behavioral Testing
A schematic of the behavioral testing procedure can be seen in Figure 1 .
Single housing and maze acclimation. As zebra finches are highly gregarious, all birds were acclimated to separation from other birds by being held within individual holding cages inside their home vivarium for 2 days prior to beginning maze acclimation. During this time, animals were also acclimated to eating from the experimental food cups that were to be used in the maze (22 ϫ 22 ϫ 20 mm), by placing a food cup filled with ad libitum grit and cuttlebone, in the cage. They were also handled daily, for 3 mins, to acclimate them to handling. During the next 2 days, the animals were food restricted from 5:00 p.m. to 8:00 a.m., in which the food cup was removed from the holding cage, followed by a 3-hr period of acclimation to the maze in the morning. During the acclimation period, the experimental food and water cups were placed in the center of the maze, while food seeds were spread equally at the ends of each maze arm in order to encourage maze exploration and foraging behavior without associating a certain arm with a food source. The plus-maze, previously used successfully by our lab to Figure 1 . Task schematic. Across several days, birds were trained to learn the spatial location of a food reward. Each arm, with the exception of the start arm, had a food cup at its end (gray square), but only the food cup in one spatial location had accessible food (gray square with circle inside of it). On each trial, animals were started from a different arm. Once animals reached criterion acquisition performance, there was a rest period of 4 or 9 days before their retention of the spatial location of the food reward arm was assessed in a single retrieval test session. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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assess spatial memory capability in this species (Rensel et al., 2013) , consists of a Plexiglas frame surrounded by 1-mm mesh, permitting external visual cues of the testing room (3.35 ϫ 3 m). Visual cues remained constant throughout all acclimation and testing sessions. Visual cues on the walls were not at the ends of arms to discourage the use of nonspatial learning strategies. At the conclusion of each acclimation session, birds were returned to their holding cage. Filled food cups were given to the animals from an hour after acclimation until the food restriction time. Acquisition. After the 2-day acclimation period, the animals began the acquisition phase, where they learned that one of the four arms contained food (see Figure 1 ). Prior to each training day, birds underwent overnight food restriction (5:00 p.m.-8:00 a.m.), which included close monitoring of animal condition. In cases where a bird appeared stressed by the food deprivation, the foodrestriction period was reduced (2-3 hours) accordingly.
One constant reward arm (1, 2, 3, or 4) was designated for each animal to be used throughout all sessions. For each group, reward arm assignment was counterbalanced, where at least one subject from each group was assigned to each reward arm. The reward arm contained the experimental food cup at its end with accessible seeds, while the others contained identical food cups with transparent tops rendering the food inaccessible.
Each animal experienced one 30-min behavioral session per day, which was capped at 10 trials. For all trials, behaviors were scored by a single observer seated hidden from the bird's view. If an animal failed to complete 10 trials, but had finished at least 6 trials by the 30-min mark, a 10-min time extension was given. For each trial, the animal was placed at the end of a randomized starting arm and was allowed to make one move into an arm, either moving straight, or making a left or right turn. The arm was considered chosen when the animal's entire body entered the arm. Upon reaching its selected arm, the bird was allowed to eat the seeds or explore the arm for 10 seconds, the end of the trial being signaled by the room's light turning off. Between trials the bird was removed from the maze and was placed in a new, randomly determined, starting arm. The starting arm of each trial was selected using a random number generator, coded so that no arm was chosen more than twice consecutively, ensuring that each session consisted of a maximum of 4 trials with the same starting arm. At the conclusion of each session, the bird was returned to its holding cage. To avoid creating an association between food availability in the holding cage and completion of the session, potentially damaging to maze performance, the food cup was replaced in the holding cage an hour after completion of the session.
The number of correct choices out of the total number of trials completed within the session was used to calculate the percent accuracy. Animals moved onto the next phase of training when they reached the acquisition criterion. Criterion was reached when the subject received 80% accuracy or higher on two consecutive sessions (i.e., days). Thus, the animal would continue to perform the sessions on each day until it met criterion. Trials omitted due to lack of performance (no movement in the maze after 5 mins) and haphazard flights when the room was illuminated were recorded but did not count toward the trial total.
Retrieval. Once each animal reached the acquisition criterion, it was returned to its holding cage with the same diet protocol as during cage acclimation but without food restriction. For the 10-day retrieval group, animals were given a 9-day rest period followed by a retrieval session on the tenth day (with food restriction reinitiated the evening prior to testing). During the rest days, the animals were handled for 3 min/day during the last 4 days before the retrieval test day. Similarly, the 5-day retrieval group animals were given a 4-day rest period where the animals were handled each day and tested on Day 5. In experiment two, all birds were exposed to the 5-day retrieval protocol. Procedures for the retrieval session were identical to those employed during the day before the test.
Tissue Collection
Brain tissue was collected immediately after the animals completed the retrieval session. Prior to rapid decapitation, animals were anesthetized with isoflurane. Both sides of the HP were dissected utilizing stereotaxic coordinates provided in the zebra finch atlas (Nixdorf-Bergweiler & Bischof, 2007) . Dissected HP tissues were directly frozen on a foil plate in a container with dry ice and stored in the Ϫ80°c freezer.
Quantitative PCR
ApoD and Egr-1 expression in the zebra finch HP were evaluated using Quantitative PCR (qPCR) with GAPDH as the control housekeeping gene and using laboratory procedures described previously (Fuxjager, Barske, Du, Day, & Schlinger, 2012) . Collected tissue was initially extracted for RNA using RNeasy minikit (Qiagen) and verified for RNA concentration and A 260/280 via Nanodrop (Thermo Scientific). RNA samples were reverse transcribed into cDNA with Transcriptase II (Promega). qPCR reactions were performed on the cDNA samples in an ABI 7300 sequence detection system (Applied Biosystems). Primers for ApoD (forward, 5=-TCTCCT TGTTGACCACCTTG; reverse, 5=-TGGGGAATGGTACGAGAT AGAG), Egr-1 (forward, 5=-AGAAGCCCTTTCCAGCTCTT; reverse, 5=-TTCAGTTCTTGGGAGCCAGT), and GAPDH (forward, 5=-TGACCTGCCGTCTGGAAAA; reverse, 5=-CCATCAGCAGCAGC CTTCA) were designed from the zebra finch genome.
Statistical Analysis
All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS, v20). Percent accuracy was calculated as the number of correct responses out of the total number of trials completed per session (max ϭ 10), excluding the number of omitted trials. While not included in the total number of trials used to calculate percent accuracy, the number of omitted and completed trials per session were recorded and served as indices of task motivation. The criterion for all groups required the animals to achieve at least 80% accuracy on two consecutive acquisition sessions before proceeding to the rest period. For Experiment 1, analysis of days to criterion and trials to criterion was completed using individual sample t-tests. Repeated measures analysis of variance (ANOVA) was used to analyze accuracy across the first 3 days, the minimum number of days any bird took to reach criterion. For Experiment 2, days and trials to criterion of young and old, male and female, zebra finches were analyzed with factorial ANOVA. Differences in accuracy across training days were analyzed using repeated measures ANOVA. For both behavioral studies, Mann-Whitney and Kruskal-Wallis tests were used This document is copyrighted by the American Psychological Association or one of its allied publishers.
to compare retrieval session accuracy, number of trials completed, and number of omissions, as the distribution of the data did not conform to parametric assumptions. For these analyses each age/ sex combination were considered separate groups unless otherwise noted. Delta CT values for gene expression data were analyzed using two-way ANOVA.
Results

Experiment 1: Sex Differences in Spatial Learning Among Adult Birds
Experiment 1 examined sex differences in spatial learning and memory among middle-aged adult zebra finches in a 4-arm maze. Although there were trends for males to outperform females, there was no significant effect of sex on the number of days (t 14 ϭ Ϫ1.80, p ϭ .09) or number of trials (t 14 ϭ Ϫ2.01, p ϭ .064) the birds took to reach the learning criterion (Figures 2A and 2B ). The average days and average trials to criterion were 3.6 days and 33.8 trials for males and 5.1 days and 49 trials for females. We next assessed the percent accuracy across the first 3 days of training, the minimum number of days completed by any one animal before reaching criterion, because this is the period where the first gains in learning are to be found. We observed a significant increase in accuracy across days (F 2,28 ϭ 27.54, p Ͻ .001; Figure 2C ), demonstrative of the animals' ability to learn the task in this early stage. Additionally, we observed a significant effect of sex (F 1,14 ϭ 5.55, p ϭ .03), with no sex by day interaction (F 2,28 ϭ .04, p ϭ .96). Here, male zebra finches achieved significantly higher accuracy across the 3 days ( Figure 2C ). To assess possible motivational differences associated with animal performance, we analyzed the total number of completed trials as well as omitted trials during the first 3 days of training. Male and female zebra finches did not differ in the number of omitted trials (U ϭ 24, p ϭ .39) or in the number of trials completed on the first 3 days (U ϭ 26.5, p ϭ .57; not illustrated). Thus, increased accuracy among male zebra finches is unlikely to be due to nonspecific motivational changes.
There was no effect of group on accuracy during the retrieval test ( 3 2 ϭ 3.07, p ϭ .38; Figure 2D ). Thus, all birds appear to remember the task equally after a 5-or 10-day delay.
Experiment 2: Sex Differences Across the Lifespan
In Experiment 1, it was found that adult male zebra finches outperformed female zebra finches in a spatial memory task. Because spatial learning is affected in senescence, we next examined how spatial learning and memory change across the zebra finch lifespan by comparing young and old birds. Examining the days required to reach the learning criterion, we detected no effect of sex (F 1,17 ϭ 2.68, p ϭ .12), age (F 1,17 ϭ 1.23, p ϭ .28), or sex by age interaction (F 1,17 ϭ 1.48, p ϭ .24; Figure 3A) . Similarly, on the number of trials to criterion, there was no effect of sex (F 1,17 ϭ 1.64, p ϭ .22), age (F 1,17 ϭ .24, p ϭ .63), or sex by age interaction (F 1,17 ϭ .61, p ϭ .45; Figure 3B ). The average days and average trials to criterion were 5.29 days (min ϭ 3, max ϭ 10) and 51.33 trials (min ϭ 12, max ϭ 99), respectively.
As in Experiment 1, we next examined accuracy during early learning phases, where sex differences were most pronounced ( Figure 3C ). We detected a significant day by sex by age interaction for accuracy across the first 2 days of training, the minimum number of training days completed by any animal in this group (F 1,17 ϭ 7.63, p ϭ .01). To explore this interaction further, accuracy data for males and females was analyzed separately. Importantly, although females demonstrated a significant interaction between day and age (F 1,8 ϭ 14.09, p Ͻ .01), for males, there was neither a day by age interaction (F 1,9 ϭ 1.58, p ϭ .24) nor a main effect of age (F 1,9 ϭ .393, p ϭ .546). Specifically, when we examined females across individual days we found that young females outperformed old females on the first, but not the second day (Day 1: t 8 ϭ 2.31, p ϭ .05; Day 2: t 8 ϭ .71, p ϭ .5; Figure 3C ). These differences are unlikely to be due to differences in motivation, as males and females did not differ in the number of omitted trials (U ϭ 4.5, p ϭ .29), or the number of trials completed (U ϭ 55, p ϭ 1) on the first 2 days (not illustrated).
On the retention-session accuracy, there was also no effect of age or sex on accuracy ( 3 2 ϭ 1.782, p ϭ .619; Figure 3D ). Thus, birds of both ages/sexes were able to remember the task equally well. Behavioral results for Experiment 1. Adult male and adult female zebra finches did not differ with respect to the total number of days (A) or trials (B) that it took them to reach the learning criterion. However, when accuracy was examined across the first 3 days of training, males consistently outperformed females (C). Males and females did not differ with respect to accuracy in the final retrieval test (D). Error bars represent standard error of the mean. Asterisk signifies significance of main effect: p Ͻ .05. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Gene Expression Results Experiment 1
Expression of the immediate early gene Egr-1 in the hippocampus at the time of memory retrieval was used as an index of HP activation. In Experiment 1, HP Egr-1 expression was significantly greater in females than in males (F 1,12 ϭ 6.96, p ϭ .02; Figure  4A ). Compared with the 5-day retention group, the 10-day group also expressed significantly higher HP Egr-1 (F 1,12 ϭ 5.50, p ϭ .04). However, there was no sex by group interaction (F 1,12 ϭ .20, p ϭ .66; Figure 4A ). With respect to ApoD expression, there was no effect of sex (F 1,12 ϭ 4.26, p ϭ .06), retention delay group (F 1,12 ϭ .60, p ϭ .45), or sex by delay group interaction for ApoD expression (F 1,12 ϭ .52, p ϭ .49), in adult zebra finches ( Figure  4B ).
Gene Expression Results Experiment 2
In Experiment 2, HP Egr-1 expression did not differ between the two sexes (F 1,16 ϭ 2.68, p ϭ .12) or age groups (F 1,16 ϭ .27, p ϭ .61). Additionally, there was no sex by age interaction (F 1,16 ϭ 1.87, p ϭ.19; Figure 4C ).
In Experiment 2, we identified an overall age effect with young zebra finches expressing greater ApoD than old birds (F 1,16 ϭ 21.90, p Ͻ .001; Figure 4D ). There was no effect of sex (F 1,16 ϭ .51, p ϭ .48) or a sex by age interaction (F 1,16 ϭ 1.19, p ϭ .29; Figure 4D ).
Discussion
Though several previous studies have explored spatial cognition in birds (Bischof et al., 2006; Coppola et al., 2015; Mayer et al., 2010; Rensel et al., 2013; Salwiczek et al., 2010; Watanabe & Bischof, 2004) , this is, to our knowledge, the first instance where sex and age effects on spatial learning as well as HP gene expression have been demonstrated in an avian model. We found that middle-aged male birds are more proficient during the acquisition phase of a spatial learning task than are middle-aged females, though they did not differ from females in their ability to retain an already formed spatial memory for up to 10 days. Moreover, these effects appear to be mediated by age, as sex differences were not observed in young birds. Nevertheless, older birds did not display an overall impairment in learning, and were just as able as young birds to retain a spatial memory across several days. Hence, zebra finches appear somewhat resistant to senescence, although learning decrements may have been revealed with a more difficult task.
It is important to first recognize that despite a significant body of work focusing on the effects of aging on cognition, most studies Figure 3 . Behavioral results for Experiment 2. No differences were observed among age/sex groups in terms of the number of days (A) or trials (B) that it took to reach the learning criterion. However, when accuracy was examined across the first 2 days of training, females, but not males, showed age-related differences. Females showed a significant Day ϫ Age interaction and subsequent analysis revealed that young females outperformed old females on the first, but not the second, day of training (C). No differences were observed among groups during the retrieval test. Error bars represent standard error of the mean. Asterisk signifies significance: p Ͻ .05. In Experiment 1, there were significant main effects of both age and sex on Egr-1 expression following retrieval (A), where female birds expressed more HP Egr-1 than did males, and birds tested for retrieval after 10 days expressed more Egr-1 than birds tested after 5 days. In Experiment 1, no differences were observed in HP ApoD expression (B). In Experiment 2, no significant differences were observed between groups with respect to Egr-1 expression (C). Young birds, regardless of sex, expressed significantly greater levels of ApoD than old birds (D). Error bars represent standard error of the mean. Asterisk signifies significance: p Ͻ .05. This document is copyrighted by the American Psychological Association or one of its allied publishers.
utilize laboratory rats and mice, which are relatively small and short-lived mammalian species. Whereas body size and longevity generally correlate in mammals, this is not the case in birds; birds generally live up to three times longer than do mammals of a similar size (Holmes & Austad, 1995; Holmes et al., 2001; Holmes & Ottinger, 2003) . Captive mice, for example, live for up to 4 years, whereas a comparably sized captive songbird, the zebra finch, lives up to 9 years (Holmes & Ottinger, 2003) . Though birds are susceptible to diseases and injuries that afflict mammals, they demonstrate relatively lower rates of physiological decline (Holmes & Austad, 1995; Holmes et al., 2001; Holmes & Ottinger, 2003; Munshi-South & Wilkinson, 2010) . Therefore, zebra finches may make excellent models for human longevity and offer insight into the mechanisms of senescence and successful aging. The assay utilized in this experiment exploited zebra finch ground-feeding/foraging behavior and required the birds to use spatial reference or place memory. That is, in order to find the correct food location, birds were required to apply external spatial cues relative to their randomized starting positions. This learning strategy is distinct from response or cued spatial learning where animals only learn a motor response (e.g., always turning left or right) or go to a previously marked goal (e.g., always going to the cup with the red flag) to obtain reward (Gallagher & Pelleymounter, 1988) . However, it is important to note that certain extramaze cues might have been employed in the service of a cued learning strategy. Although extramaze (test room) cues were arranged in ways that discouraged their direct use (e.g., wall cues were not placed directly above the end of the reward arm), it is difficult to completely rule out such a strategy. Only future experiments that test cued spatial learning will be able to confirm if the current assay truly required the animals to use spatial reference memory.
Nonetheless, by testing adult male and female zebra finches using this assay, we observed a sex difference in spatial cognitive abilities. Similar to human and rodent studies (Astur, Ortiz, & Sutherland, 1998; Frick et al., 1995; Jones, Braithwaite, & Healy, 2003; Markowska, 1999; Voyer, Voyer, & Bryden, 1995) , male zebra finches consistently performed at higher percent accuracy in acquiring the spatial task compared with their female counterparts. Though zebra finch females were eventually able to reach criterion and were able to perform equally well on the retention session, they did so at a slower rate. In addition to the slower learning rate, there was a trend toward female birds taking more days and trials to reach criterion. Given that there were no differences in motivational indices (the number of completed trials and omissions), this sex effect was not confounded by nonmnemonic factors such as differences in activity or physical state. Furthermore, other studies in rats have provided evidence that males and females tend to rely on different spatial strategies (Kanit et al., 2000; Tropp & Markus, 2001) . Therefore, the initial poor performance of females might have been a reflection of those birds utilizing cues and spatial strategies that were not appropriate during the beginning of the training. Sexually dimorphic spatial abilities have been welldocumented in mammalian species, where males reliably outperform females (Astur et al., 1998; Frick et al., 1995; Jones et al., 2003; Markowska, 1999; Voyer et al., 1995) . Recently, we also reported on sex-differences in acquisition and recall in a foodcaching corvid, Western scrub jays (Aphelacoma californica), that suggested males and females might utilize different strategies for learning these tasks (Rensel, Ellis, Harvey, & Schlinger, 2015) . Thus, sex differences in spatial learning are likely to be phylogenetically quite common.
Sex differences in behavior, including in cognitive spatial abilities, can result from organizational and/or activational effects of sex hormones (Isgor & Sengelaub, 1998; Neave, Menaged, & Weightman, 1999; Sherry & Hampson, 1997; Williams, Barnett, & Meck, 1990) . Some sex differences in rodent spatial cognition seem to arise only after puberty (Bucci, Chiba, & Gallagher, 1995; Kanit et al., 2000; Krasnoff & Weston, 1976; Markowska, 1999; Warren & Juraska, 1997) . Additionally, sex differences in spatial/ contextual fear learning in rodents appear during only certain phases of the female estrous cycle (Cushman, Moore, Olsen, & Fanselow, 2014) . Such findings suggest an activational effect of reproductive hormones. The sex differences we observed in the middle-aged adult zebra finches of Experiment 1 were not entirely mirrored in Experiment 2 that included the testing of very young adults, which did not display sex-differences in spatial learning. It may be the case that cognitive deficits in female birds appear not long after reaching adulthood. Additionally, although birds of the age we chose as young adults are sexually mature, it is possible that cumulative effects of long-term gonadal steroid exposure are important for establishing sex differences in patterns of spatial learning and memory.
Several bird species cache food and recall numerous cache sites many months following the storage of food (Gould-Beierle & Kamil, 1999; Mayer et al., 2010; Salwiczek et al., 2010) . Such exceptional cognitive ability has obvious survival advantages that would apply to both males and females and to birds of all ages. Our observation of minimal effects of age on spatial cognition in the zebra finch is in keeping with the idea that this cognitive function requires considerable resilience against the effects of age. It is also possible that our 5-and 10-day recall tests were insufficiently challenging to reveal sex or age effects. Alternatively, various forms of learning and memory that depend upon the hippocampus appear to become hippocampal independent with time (Anagnostaras, Maren, & Fanselow, 1999) , and this may explain why sex and age-related differences were only observed when examining accuracy during early training. It is unclear for how long the avian HP is required for remembering spatial locations. Nevertheless, the accuracy of old female zebra finches was significantly worse on the first day of training compared with young females, a pattern not seen in males, suggesting that age influences spatial cognitive ability differently according to sex. These data point to the existence of age-related deficits in reference learning that depend on the sex of the zebra finch.
Egr-1 (known as ZENK in songbirds), is an important transcription factor and immediate-early gene that shows rapid upregulation in activated hippocampal circuits involved in learning and memory in both mammals and birds (Knapska & Kaczmarek, 2004; Shimizu et al., 2004; Veyrac et al., 2013) , including zebra finches (Bischof et al., 2006; Mayer et al., 2010) . In zebra finches, HP IEG expression is enhanced in learning and memory tasks requiring use of spatial cues (Mayer & Bischof, 2012) . Interestingly, we found that expression was greater during "middle-age" in the HP of females compared with males. This finding is consistent with previous studies in rodents that have observed increased HP activation to be correlated with deficits in spatial learning and memory, using both IEG expression and electrophysiological recording This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. (Haberman, Koh, & Gallagher, 2017; Wilson, Ikonen, Gallagher, Eichenbaum, & Tanila, 2005) . Perhaps greater HP activation reflects an imbalance in HP tuning. These results are also in line with observations in other regions of the songbird brain where IEG expression is elevated in females (Krentzel & Remage-Healey, 2015) . Such a sex-difference could result from differences in actions of estrogens, which have been shown to alter behavior on a similar HP-dependent spatial memory task (Rensel et al., 2013) , potentially by altering the balance of HP excitability. Alternatively, and as discussed above, it may be that females employ somewhat different strategies to solve the task (Kanit et al., 2000; Tropp & Markus, 2001) , engaging the HP to a greater degree, or perhaps in order to compensate for a tendency toward deficient spatial processing. Egr-1 expression was also consistently higher in the HP of both males and females required to recall the reward arm after the 10-versus 5-day long retention period. Although there was no difference in retention accuracy between the 5-and 10-day groups, this observation suggests a greater degree of HP activation, perhaps a reflection of the increased difficulty of the task or a change in strategy utilized to complete the task. Such an interpretation is consistent with females showing greater hippocampal Egr-1 expression despite equivalent spatial memory recall.
Had hippocampal function deteriorated with age, we might have expected a difference between young and old birds in HP Egr-1 expression following the recall test. However, we found no such difference, consistent with the absence of marked performance differences, at least at the time of retention, due to age. These results provide evidence that the HP of older zebra finches may be less susceptible to physiological degeneration.
The decrease in ApoD expression with age is of particular interest in these experiments. Our results would seem to corroborate earlier speculation that increased ApoD leads to a decline in neural function. Aged birds showed little to no difference in spatial learning, performing similar to the younger adults on the memory tests, and unlike mammals, did not have a large increase in ApoD expression. However, other more recent evidence pertaining to ApoD shows that ApoD knockout (KO) dramatically increases the susceptibility of an organism to both premature aging and neurodegeneration (Sanchez et al., 2015) , suggesting that the relationship between senescence and aging is not of a simple monotonic nature. ApoD is also expressed in the embryonic chicken brain (Ganfornina et al., 2005) , when neuroproliferation is pronounced. Neurogenesis persists in the adult songbird HP (Barnea & Nottebohm, 1994 ). Thus, it is possible that in the early adult stage an elevated degree of neuroplasticity is present in the songbird HP with an associated higher expression of ApoD. As the birds age, this neuroplasticity may decrease along with ApoD expression, though with little impact on the cognitive functions measured here.
In contrast to what has been found in mammals, we observed no sex differences in expression of ApoD in zebra finches. One theory behind the sex differences in ApoD expression observed in mammals is that it is precipitated by the onset of menopause later in life (Ordóñez et al., 2012) . ApoD expression has been shown to be sensitive to estrogens and progesterone (Lambert, Provost, Marcel, & Rassart, 1993; Simard, Veilleux, de Launoit, Haagensen, & Labrie, 1991) and testosterone (Simard et al., 1991) . Evidence for the idea that the drop in estrogen as a result of menopause in mammals may be mediating changes in ApoD is supported by our data, as avian species remain reproductively fertile well into the later stages of life.
ApoD expression has also been tightly linked to neurodegeneration, particularly in diseases associated with an increase in oxidative stress such as Alzheimer's disease (Muffat & Walker, 2010) . ApoD KO models have shown dramatic reduction in the ability to respond to oxidative stress (Ganfornina et al., 2008; Sanchez et al., 2006) while double knock-in models have shown dramatic increase in the ability to respond to oxidative stress (Muffat & Walker, 2010) . Therefore, the impact of ApoD expression may also be regulated by the amount of oxidative stress experienced by the organism. The decrease in ApoD expression and lack of observable detriment to memory performance with age may suggest that avian species have additional or alternative oxidative stress management capabilities compared to similarly sized mammalian counterparts that have markedly shorter lifespans.
Whatever the case, aged zebra finches are capable of retaining significant HP-dependent learning and memory function and IEG activation, while simultaneously showing decreased levels of ApoD mRNA. These birds may represent excellent models to explore natural mechanisms that protect the brain from the effects of aging (Schlinger & Saldanha, 2005) . As males and females differ in HP gene expression and in some cognitive function, sex will be an important consideration in exploring HP physiology and function in the future. It seems clear that ApoD will be a key target for subsequent investigation in this fascinating group of birds.
